A series of localized high-temperature granulite-facies domains ('hot spots') are present within the regional (10-100 km 2 scale) amphibolite-facies rocks of the Central Maine Terrane in central New Hampshire (NH), USA. Based on the spatial coincidence of a thermal anomaly and contours of depressed d
INTRODUCTION
The mechanisms, durations, and spatial extents of regional metamorphic heat transport have long been fundamental problems in the Earth sciences. The classic conductive model of overthickened crust and inverted initial geothermal gradient (e.g. Oxburgh & Turcotte, 1974; England & Richardson, 1977; England & Thompson, 1984) is commonly used to explain the characteristic features of Barrovian metamorphism ($450-700 C) . This tectonic heat source produces clockwise pressure-temperature (P-T) paths during exhumation that develop over tens of millions of years.
The classic conductive overthickening model has been remarkably successful worldwide, but fundamental aspects of metamorphic heat transfer in some mountain belts deviate substantially from it. For example, peak thermal metamorphism in the Barrovian type locality, Scotland, occurred during a pulse or pulses of heating lasting <1 Myr total duration (Baxter et al., 2002; Ague & Baxter, 2007; Viete et al., 2011; Vorhies & Ague, 2011; Chu & Ague, 2015) . As heat transfer in overthickening models is dominantly conductive, they are unlikely to achieve a transient (<1 Myr) thermal pulse. In Scotland, the pulsed behavior was superimposed on the longerterm metamorphic evolution of the region and was probably the result of advective heating driven by the intrusion of syn-metamorphic mafic magmas (e.g. Baxter et al., 2002; Ague & Baxter, 2007; Vorhies & Ague, 2011) . Another consideration is that conductive overthickening models consistently have difficulty in producing granulite or ultrahigh-temperature (UHT) conditions unless orogenic timescales are long (typically >50 Myr), the crust has considerable radiogenic heat production, and/or there was input of magmatic heat (e.g. Lux et al., 1986; Sisson et al., 1989; De Yoreo et al., 1991; Huerta et al., 1996; Jamieson et al., 1998; Lyubetskaya & Ague, 2010a; Clark et al., 2011) . UHT terranes are particularly challenging in this regard as they may far exceed the conductive limit of typical crustal geotherms (see review by Brown, 2008) .
The Central Maine Terrane (CMT) of New England, USA, characterized by counterclockwise P-T paths (e.g. Thompson & Norton, 1968; Spear et al., 1984; Schumacher et al., 1989; Armstrong et al., 1992; Thomson, 2001; Pyle et al., 2005) , diverges from the classic overthickening model in fundamental respects. A series of localized high-temperature (HT) granulite-facies thermal anomalies, or metamorphic 'hot spots', were mapped within the regional (10-100 km 2 scale) amphibolite-facies rocks of the CMT in central New Hampshire (NH; Chamberlain & Lyons, 1983; Chamberlain & Rumble, 1988 , 1989 . The thermal anomaly and contours of depressed d
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O values are found centered on a network of syn-metamorphic quartz-graphite and pegmatitic veins in the vicinity of Bristol, NH. Chamberlain & Rumble (1988) proposed that large-scale channelization of hot fluids ascending in the crust through a fracture network produced the transient (<1 Myr) thermal high, veins, and isotopic anomalies during the Acadian orogeny ($400 Ma).
The metamorphic 'hot spot' hypothesis has generated considerable debate, as theoretical analysis and modeling indicate that temperature changes owing to advective heat transport by fluids over 10 7 year timescales would be minor relative to conduction during typical regional metamorphism in collisional belts (Bickle & McKenzie, 1987; Brady, 1988; Connolly & Thompson, 1989; Lyubetskaya & Ague, 2009) . For the advective flux to produce a notable perturbation in the field gradient, the fluxes must be large and the timescales short. Otherwise, for long timescales, heat conduction would smooth the field temperature gradient, wiping out the evidence for the thermal high. A growing body of field evidence shows that fluid pulses can indeed be extremely short, even <10 3 years in some cases (e.g. Young & Rumble, 1993; van Haren et al., 1996; Camacho et al., 2005; Penniston-Dorland et al., 2010; Skelton, 2011; John et al., 2012; Dragovic et al., 2015; Viete et al., 2018 ; see review by Ague, 2014) . However, the ability of fluids to perturb regional geotherms is much less well established. Modeling studies indicate that channelized ascending fluids derived from degassing magmas could advect enough heat to cause thermal excursions well in excess of 100 C, which are spatially localized and temporally transient (e.g. Connolly, 1997; Tian et al., 2018) . In addition, the magmas themselves could also produce transient thermal excursions in their surroundings as they ascend.
What is clear is that field tests of transient, advective heat transfer by fluids must document the magnitude of potential thermal spikes, their regional extent, and the timescales over which they formed. This is true regardless of whether advective heat transfer occurs via fluids, magmas, or some combination. Herein, we examine the advective metamorphic hot spot hypothesis for Bristol, NH, by reconstructing regional metamorphic P-T-time (P-T-t) histories using the record of garnet growth, diffusion, and resorption preserved in garnet chemical zonation. In so doing, we provide a new test of the hypothesis that is independent of previous studies, and that identifies heretofore unrecognized transient UHT activity in the core of the hot spot region. The results show that growth-diffusion-resorption modeling is a powerful method for resolving pulsed thermal activity that is widely applicable, even in UHT settings.
We use forward modeling to identify the P-T-t path that is most compatible with the observed chemical zonation in garnet from a given sample. We follow the general approach of Florence & Spear (1991) , Gaidies et al. (2008) , and Caddick et al. (2010) to model coupled garnet growth, intracrystalline diffusion, and resorption along complex P-T-t paths. The latter two studies, as well as our implementation, predict mineral assemblages and modes using phase equilibria calculations analogous to those employed to construct pseudosections. Timescale estimates are based on the fact that garnet growth zonation developing in concert with the prograde evolution is smoothed to some degree by intragranular diffusion; the longer a crystal is held at high temperature, the more 'blurring' there will be (e.g. Tracy et al., 1976; Chakraborty & Ganguly, 1991; Kohn, 2014) . The diffusion rates of major chemical components in garnet are fast enough so that the diffusional relaxation is observable within relatively short geological timescales in moderateto high-grade rocks (e.g. <10 6 yr; Faryad & Chakraborty, 2005; Ague & Baxter, 2007; Mü ller et al., 2015) , facilitating identification of thermal pulses. Herein, the phase equilibria calculations employ the code set developed by , which is fully consistent with THERMOCALC , whereas the timescale estimates are based on the recently calibrated garnet diffusion coefficients of Chu & Ague (2015) .
GEOLOGICAL SETTING
The Central Maine Terrane (CMT) of the New England Appalachians documents regional Acadian metamorphism that occurred during the accretion of the Avalonia microcontinent to the eastern margin of Laurentia, as well as subsequent Neoacadian orogenesis associated with the docking of Meguma (e.g. Lyons et al., 1982; Eusden et al., 1987 ; for reviews see Robinson et al., 1998, and van Staal et al., 2009; Fig. 1) . The deepest-buried portions crop out in Connecticut and Massachusetts where $1000 C metamorphic rocks have recently been identified Axler & Ague, 2015) or proposed (Ostwald et al., 2014) . The regional metamorphic grade generally decreases northwards, and reaches only greenschist facies in Maine (Robinson & Hall, 1980) .
In central New Hampshire, granulite-facies metasediments are found within the amphibolite-facies regional background [referred to as metamorphic 'hot spots' by Chamberlain & Rumble (1988) ]. Several granulite-facies regions occur in a belt $50 km wide and $150 km long striking north-south (Fig. 1 ). Of these, the area near Bristol, NH is one of the best exposed and has been the focus of most previous work. The oxygen isotope anomaly (Chamberlain & Rumble, 1988 ) is centered on the Silurian Perry Mountain Formation, which contains interbedded metapelites and quartzites, and lies between the Rangeley graphitic schists and the calc-silicates of the Madrid Formation. High-grade sillimanite-alkali feldspar and sillimanite-cordierite metamorphic index mineral zones dominate the field area; other local index mineral zones are staurolite and sillimanite-muscovite. These latter two may, at least in part, be retrograde features superimposed on the granulite-facies assemblages. SmNd ages of garnet in metapelites (Sullivan et al., 2013; Sullivan, 2014) and U-Pb ages of zircon xenocrysts from quartz or pegmatitic veins (Zeitler et al., 1990 ) dominantly document broadly 'Acadian' orogenesis between $380 and $410 Ma, although there is also evidence for $350-360 Ma Neoacadian activity (Sullivan et al., 2013; Sullivan, 2014) .
Graphite-bearing quartz and pegmatitic veins are abundant within the hot spot , concentrated in the lower d
18 O areas (Fig. 2) . The carbon isotopic data for the graphite suggest that the veins formed from mixing of fluids derived from the Rangeley metapelite with fluids sourced from metacarbonate rocks (e.g. Madrid Formation at the top of the rock package; . The bulk-rock d
18 O values of different lithological units in the center of the hot spot are homogenized (Chamberlain & Rumble, 1988) .
The area is densely intruded by the New Hampshire Plutonic Series. The sheet-like Kinsman (413-399 Ma), , and Spaulding (408-402 Ma) monzonitic-granitic intrusions are contemporaneous with the Acadian metamorphism and are interpreted to reflect the syntectonic magmatic pulse of the Acadian orogeny ( Fig. 1b ; Lyons & Livingston, 1977; Sullivan, 2014 , and references therein). The ages of detrital zircons from the Merrimack drainage basin peak at 404 Ma; a quarter of these zircons have metamorphic U/Th ratios (Bradley et al., 2015) . The $360 Ma S-type Concord Granite represents a younger cycle of magmatism (Lyons & Livingston, 1977; Harrison et al., 1987; Sullivan, 2014) .
SAMPLE CHARACTERISTICS
Representative samples were collected from the Bristol area in and around the oxygen isotope anomaly documented by Chamberlain & Rumble (1988) (Fig. 2) . Within this suite of samples, garnet diameters range from 1 mm to 2-3 cm. The samples are classified into four categories primarily on the basis of the morphology and chemical zonation patterns of garnet. Their petrographic features and garnet zonation are described below.
Representative garnet profiles are presented in Supplementary Data Fig. S1 (supplementary data are available for downloading at http://www.petrology. oxfordjournals.org). Quantitative wavelength-dispersive spectrometer (WDS) analyses and backscattered electron (BSE) imaging were done using the JEOL-JXA 8530F field emission gun electron probe microanalyzer at Yale University. Mineral and rock chemistry data and analytical conditions are provided in the Supplementary Data.
Sample type A
Sample JANH1A is a massive to slightly foliated gneiss (Supplementary Data Fig. S2a ) from the sillimanite-cordierite zone in the core of the granulite-facies region (Chamberlain & Lyons, 1983) . The gneiss has a light-colored quartzofeldspathic matrix, variable proportions of patchy black biotite domains, and millimeter-to centimeter-size purplish garnet (>35 vol %; Supplementary Data Fig. S2a ). Sillimanite is weakly oriented, and partially or completely replaces cordierite (Fig. 3a) . The cordierite has pleochroic haloes around inclusions of accessory phases ( Fig. 3a and b) . Straight contact boundaries between cordierite and alkali feldspar demonstrate that these phases were in textural equilibrium (Fig. 3b) . Biotite displays a vermicular texture (Fig. 3c) , suggesting that it became unstable in the peak assemblage, and probably crystallized from a partial melt. Graphite is disseminated throughout the rock (Fig. 3d) . Alkali feldspar developed a perthitic texture during cooling. Plagioclase is a minor constituent, typically rimming K-feldspar/perthite (Fig. 3d) . Gneisses adjacent to local leucosomes underwent retrogression to varying degrees, manifested by muscovite flakes that are mostly randomly oriented.
The studied garnet porphyroblast is surrounded mostly by biotite ( Fig. 4e; Supplementary Data Fig.  S2a ). Its irregular grain boundaries enclose abundant sillimanite inclusions, suggesting garnet growth in a sillimanite-bearing assemblage (Fig. 4b ). There is a well-defined contrast between the inclusion-free core and the inclusion-rich halo at the rim ( Fig. 4a and b) . The garnet porphyroblasts set in the quartzofeldspathic matrix exhibit more smooth grain boundaries (Supplementary Data Fig. S2a ).
For the garnet of interest, Mg content increases in the core toward the inclusion halo and decreases at the rim (Fig. 4e ). The Ca map shows a similar pattern to that for Mg, but the Ca peak is closer to the center ( Fig. 4e  and f; Supplementary Data Fig. S1a ). The garnet core exhibits non-concentric high-Ca zones. The Mn content decreases away from the core ( Fig. 4g ; Supplementary Data Fig. S1a and b) , with small and discontinuous Mn upturns at the rim (brighter rim in Fig. 4g ; also see the inset). We note that the higher-Mn rims (Fig. 4g ) correlate with the lower-Mg rims in contact with biotite (green rims in Fig. 4e ). These features, developed in response to local resorption/re-equilibration, are absent at the grain boundaries protected by sillimanite (e.g. lower end of garnet).
The phosphorus zonation shows a core of elevated phosphorus content; phosphorus also increases towards the rim. The Mg peak spatially corresponds to a weak phosphorus upturn (arrow in Fig. 4h ). Because diffusion of phosphorus is extremely slow (e.g. Spear & Kohn, 1996; Vielzeuf et al. 2005; Axler & Ague, 2015 ; Fig. 1a) showing the locations of the 'hot spot' terranes and the New Hampshire Plutonic Series (NHPS; modified after Chamberlain & Rumble, 1988; Zeitler et al., 1990; Lyons et al., 1997) . The ages of the NHPS are from and/or summarized by Sullivan (2014) . Ague & Axler, 2016) , its zonation primarily records garnet growth. The largely concentric pattern of phosphorus suggests that the garnet section is not significantly off center.
Two sets of rim-core profiles were measured; these profiles share many common features ( Fig. 4e-g ; Supplementary Data Fig. S1a and b) . Profile 1 samples the highest Mg, and is thus used as the target of profile simulation (Fig. 4e) . The high-Mg ring is continuous in the section but is most pronounced at the southern end where the garnet grain boundary is mostly in contact with sillimanite and cordierite. The more subdued Mg highs could be due to greater diffusion modification during retrogression, or a sectioning effect. Profile 2, originating from the contact with biotite, records more retrogression towards the rim, including lower Mg# and Ca, and a Mn spike at the grain boundary.
Sample type B
Two samples of this type are presented. The gneisses have foliations defined by oriented biotite and sillimanite, with greater modes of biotite and smaller garnet porphyroblasts than in Type A gneiss (Supplementary Data Fig. S2 ). The matrices consist of alkali feldspar þ biotite þ sillimanite þ quartz þ graphite þ ilmenite 6 plagioclase and are largely homogeneous; quartzofeldspathic clusters are aligned parallel to the foliations (Supplementary Data Fig. S2 ).
Sample JANH3E was taken 2 km east of the center of the 'hot spot' (JANH1A). Intergrowths of muscovite þ chlorite 6 sillimanite form pseudomorphs after preexisting cordierite in the leucosome (Fig. 3e) . Sample JANH11A represents the intact wall rock of an abandoned graphite mine, about 2 km north of JANH1A. Some retrograde muscovite is present in the matrix replacing sillimanite and biotite of the peak assemblage. In some areas, the gneiss wall rocks are inferred to have undergone strong metasomatic quartz deposition, leaving only refractory detrital zircon and rutile xenocrysts (Zeitler et al., 1990) .
Garnet porphyroblasts studied (in JANH3E and JANH11A) are set in the sillimanite-biotite domains (Supplementary Data Fig. S2c and d) , are rounded, and enclose ilmenite, quartz and graphite in their cores ( Fig. 4c and d) . The garnet cores show smooth and flat profiles for Mg and Mn, suggesting that cores were homogenized at elevated temperatures (Fig. 4i , j, m and n; Supplementary Data Fig. S1c and d) . The chemical maps also document a downward inflection in pyrope and an upward inflection in the spessartine content at garnet rims, features generally interpreted as signs of resorption (Kohn & Spear, 2000; Kohn, 2014) . Grossular is a minor component (<3 mol %), but the Ca maps reveal details of the growth history. In JANH11A, the garnet core is surrounded by a low-Ca zone that spatially corresponds to a distinctive high-phosphorus ring (Fig. 4p) . The sharp phosphorus zonation highlights the extremely slow diffusivity of this element in garnet (Axler & Ague, 2015; Ague & Axler, 2016) . Ca content then increases toward the rim ( Fig. 4n; Supplementary Data Fig. S1c ). Ca zonation for JANH3E is similar; its Ca variations are most easily seen in the profile (Supplementary Data Fig. S1c) . A faint highphosphorus ring is present near the core, although it is not as sharp as in JANH11A (Fig. 4l) . A discontinuous low-Ca rim surrounds the garnet grain (Fig. 4j) .
Sample type C
Type C gneisses are massive to weakly foliated, consisting of garnet þ perthite (6 plagioclase) þ biotite þ sillimanite þ cordierite (or pseudomorph) þ quartz þ graphite þ ilmenite. Equilibrium coexistence of biotite and cordierite is present in the assemblage, and both are overgrown by sillimanite of a later stage (Fig. 3f) . In more retrograde cases, bundles of acicular sillimanite are pseudomorphous after cordierite (Fig. 3g ). Other biotite in the matrix exhibits vermicular erosion textures, replaced by quartz 6 sillimanite.
The garnets in Type C samples are anhedral and elongated in shape. Garnet is rimed by the quartz matrix, with poikiloblastic garnet rims enclosing quartz grains from the matrix (Fig. 5a-h ). The Mg, Mn and P profiles are flat throughout the garnet ( Fig. 5a -h; Supplementary Data Fig. S1d and e). The grossular contents are also homogeneous (JANH18A, Fig. 5b ), or increase slightly toward the poikiloblastic core and the rim (JANH24A, Fig. 5f ).
Fig. 2. Sample localities and quartz d
18 O contours (grey-scale shading) for the field area near Bristol, NH (modified after Chamberlain & Rumble, 1988 , 1989 . The sample locations are labeled with symbols indicative of the garnet types (see text for details). The staurolite isograd is about 5 km south of the arrow. The contour of the original Crd-Ksp zone identified by Chamberlain & Rumble (1988) and inferred extent of the thermal spike in this study are superimposed for comparison. The field temperature gradient approximately along the orange traverse is presented in Fig. 14.
Sample type D
Type D samples are characterized by strongly resorbed garnets and retrograde muscovite. One variety is spatially associated with graphite-bearing pegmatitic veins (sample localities 4 and 5). The pegmatites consist of quartz, feldspars, muscovite 6 biotite, garnet, graphite masses, and xenocrystic zircons from the country rock. The country rocks (selvages) adjacent to the veins are intensively metasomatized; silicate minerals are almost completely altered to muscovite, with only relict sillimanite preserved. Large graphite flakes crystallized during the fluid-rock interaction (Fig. 3h) . Samples further away from veins are less altered but retain clear metasomatic textures. For example, in sample JANH4E, the mesh texture of graphite þ muscovite illustrates the path of fluid infiltration, along which the sillimanite lineation is altered to fine-grained muscovite (Fig. 3i) .
The other Type D samples also underwent extensive retrogression (localities 2, 7, and 15 in Fig. 2 ; see below), although they are not in direct contact with pegmatite veins. The phase assemblages resemble the samples of other types. Weakly oriented muscovite is common in the retrograde assemblage, and the muscovite flakes appear to be in textural equilibrium with the biotite and feldspars.
The garnet porphyroblasts of all Type D samples are significantly resorbed, with the rims irregularly embayed by quartz and biotite ( Fig S1g ). The garnet of this type varies significantly in size, in response to the different intensity of resorption. In sample JANH15B, the inclusionrich garnet core, which is distinct in the Ca and phosphorus maps, is no longer at the center of crystal ( Fig. 5n and p). The garnet profiles deflect toward the rims and present a compositional halo concentric around the biotite ( Fig. 5m-o) . 
PSEUDOSECTIONS AND FORWARD MODELING OF GARNET GROWTH-DIFFUSION-RESORPTION
The simulation code package used to forward model chemical zonation in garnet along a given P-T-t path consists of two major components: (1) Data Appendix S5). The two components are interfaced to simultaneously simulate garnet growth or resorption, chemical fractionation by the garnet interior, and intracrystalline diffusion in garnet. The phase equilibria module predicts the growth zonation, on which diffusion modeling is performed; the bulk-rock composition is modified stepwise to account for chemical fractionation as garnet grows (Fig. 6 ).
Pseudosection
The phase equilibria calculations for the pseudosections and forward modeling were done by solving nonlinear equations in a MATLAB code set with an algorithm similar to THERMOCALC , an internally consistent thermodynamic database , and consistent activity-composition models (summarized in Supplementary Data Table S1 ). The calculations use the model system Na 2 O-CaO-K 2 O-FeO-MgO-MnO-Al 2 O 3 -SiO 2 -H 2 O-TiO 2 -O-C (NCKFMMnASHTOC). In addition to graphite and the C-O-H fluid, C-bearing phase endmembers of cordierite and silicate melt were also incorporated . Thus, COH vapor could coexist with melt up to 750 C, but the vapor is CO 2 -rich, low in H 2 O activity, and minimal in mode . The bulk compositions were determined via Xray fluorescence analyses (Supplementary Data Table  S8 ). For Sample 1A, the effective bulk composition is estimated from mineral modes and compositions; this represents an effective bulk composition because the garnet mode is significantly higher in the thin section than in the average hand sample (Supplementary Data Fig. S2a ; Guevara & Caddick, 2016) .
Forward simulation
The forward modeling results provide the evolution of garnet compositional profiles, as well as the evolution of the bulk-rock composition and the thermodynamically stable matrix assemblage along a given P-T-t trajectory. The P-T-t trajectory is linearly discretized first, and the phase relations at the starting points are known from the pseudosections.
The simulations start near the solidus from a garnetbearing assemblage. The initial garnet profiles are flat and defined by the compositions of the starting point. The number of garnet crystals per unit rock mass is first estimated from petrography, and is then iterated to fit the final model radius to the observed garnet sizes (e.g. the garnets presented in Fig. 4) .
When a new growth increment is predicted by the phase equilibria module, a shell is added to the garnet profile [(i þ 1)-th shell in Fig. 6a ]. The composition and the thickness (mode) of this shell are governed by the matrix phase relations. The formation of the (i þ 1)-th shell separates the i-th shell from the matrix, so the components of the i-th shell are numerically removed from the bulk composition to account for the chemical fractionation. The garnet profile is then relaxed by diffusion for a period Dt. The garnet profile of the previous (i-th) step, plus the composition of the new shell, are used as the initial condition; the equilibrium garnet composition at the rim serves as the boundary The garnet growth (a) and resorption (b) zonation developed along a prograde P-T path is simultaneously modified by intergranular diffusion. The initial condition is inherited from the last P-T step and the boundary condition is predicted by the phase equilibria relationship. Bulk composition is changed stepwise by removal (blue) or addition (yellow) of garnet components (see text for details).
condition. By comparing the initial and final profile at this step, a small compositional flux is added or removed from the bulk composition (Fig. 6a) . If the diffusion rate is infinitely fast, the whole garnet remains equilibrated with the matrix; if the diffusion rate is infinitely small, the garnet interior is absolutely sequestered from the bulk composition and this scheme approaches Rayleigh fractionation. The new effective composition is then used for the phase-relationship search in the next P-T step. The outermost shell remains in the bulk composition.
If the predicted shell width is smaller than the existing outermost shell (i-th in Fig. 6b ), the garnet is being resorbed. It should be noted that the outermost shell remains in the bulk composition, so no component is added to the bulk composition. When the P-T trajectory intersects a garnet-out boundary, the (i -1)-th shell becomes the outermost shell and is returned to the bulk composition. Diffusion is then performed employing the equilibrium boundary condition, and the bulk composition is modified by a small diffusional flux (Fig. 6b) . In practice, only a fraction of the predicted width of the rim is numerically resorbed. The ratio is a complex interface-controlled factor depending on the relative rates of intergranular diffusion transport (e.g. de Bé thune et al., 1975; Yang & Rivers, 2001; Ketcham & Carlson, 2012) , so is treated as another dimension of the parameter space (i.e. P-T-t) that the simulation fits; the factor remains constant on the retrograde path.
Model assumptions
We assume that the diffusion between a garnet porphyroblast and the matrix is fast enough so that the garnet rim approaches equilibrium with the matrix. This is a strong assumption that was included in previous forward simulations (e.g. Selverstone et al., 1984; Gaidies et al., 2008; Caddick et al., 2010) , as well as in garnet-based thermobarometry (e.g. Spear et al., 1984; Vance & Mahar, 1998; Gaidies et al., 2006) . Local disequilibrium of the garnet rims with respect to the matrices is documented by growth zoning in low-to intermediate-grade rocks (<650 C; e.g. Chernoff & Carlson, 1997; Spear & Daniel, 2001; Baxter & DePaolo, 2002a , 2002b . Thermodynamic modeling suggests that the garnet growth could be controlled by small-scale variations in the effective bulk-rock chemistry, if intergranular diffusion is sluggish (e.g. Konrad-Schmolke et al., 2005; Ketcham & Carlson, 2012; Ague & Carlson, 2013) . However, we are focusing on the temperatures of upper amphibolite-or granulite-facies metamorphism (>750 C), so the local-equilibrium assumption is reasonable for divalent cations at thin-section scale (e.g. Carlson, 2002) . For a fluid-saturated matrix, the characteristic diffusion distance for Al at grain boundaries exceeds 1 cm at 800 C for 1Myr (Carlson et al., 1995; Carlson, 2002) .
We assume uniform garnet size distributions in the modeled samples (Supplementary Data Fig. S2a, c and  d) . Thus, the initial nucleation kinetics and potential reaction overstepping (e.g. Rubie, 1998; Zeh & Holness, 2003; Wilbur & Ague, 2006; Pattison et al., 2011; Spear & Pattison, 2017; Spear & Wolfe, 2018) , as well as the effects on crystal size distribution (Cashman & Ferry, 1988; Carlson et al. 1995; Gaidies et al., 2008 Gaidies et al., , 2011 Kelly et al., 2011a Kelly et al., , 2011b Ketcham & Carlson, 2012) are not accounted for in the simplification of this study.
Another critical assumption is that the observed profiles are from spherical garnet crystals sectioned through their centers. Otherwise the sectioning effects have an impact on the zoning displayed by a garnet: an off-center cut can display a false core composition (Gaidies et al., 2008) and exaggerate the thickness of the compositional zones near the rim. The artificial diffusion profiles on an off-center cut also overestimate the diffusion timescales. The composition at the outermost rim, however, should be less affected.
P-T-t path search
The search for P-T-t paths starts from the P-T paths constrained by conventional pseudosections and relative timescales estimated using the L ¼ (Dt) 1/2 scaling relationship. A series of P-T-t paths are calculated via forward simulation. Each time we tune one parameter of the P-T-t path, and visually compare the observed garnet profiles with the modeling results. Conceptually this method is a coordinate descent method. This iteration converges to a P-T-t path along which the simulation result approaches observed garnet profiles. Because coupled diffusion simulations for $10 Myr are computationally expensive, the exhaustive search approach used by Vrijmoed & Hacker (2014) and Chu et al. (2017) is not practical in our case. Instead, we vary the parameters of the P-T-t path and test the sensitivity of the results on the metamorphic history. Conservatively speaking, observable differences in predicted garnet zoning result if the duration of a path segment is changed by 620% or temperature by 610 C. These can be regarded as the uncertainties arising from the simulation method only. Because the method is not completely objective, and the metamorphic history is only partially preserved, our attempts use the simplest possible P-T-t paths to reproduce the observed garnet zoning patterns. For each sample, dozens of P-T-t paths are generated for search and sensitivity tests. The large number of paths (>40 total) ensures that the simulation result is close to the mathematically rigorous solution.
RESULTS

Sample type A Pseudosection analysis
The calculated pseudosection for JANH1A is shown in Fig. 7a . The pressure-sensitive stability boundary of cordierite splits the P-T space into two regions: cordieritebearing at lower pressures and cordierite-free at higher pressures. The solidus in the upper sillimanite þ biotite region is at 680-700 C, and a C-O-H fluid coexists with the melt up to 750 C. In the lower region, biotite decomposes at low pressures and sillimanite coexists with cordierite. During prograde metamorphism, the bulk composition is progressively depleted via anatexis and melt segregation, so that the phase relations of the early prograde stage are not as reliable as the peak or retrograde stages.
The garnet Mg # [¼ Mg/(Mg þ Fe)] and X Grs [¼ Ca/ (Ca þ Mg þ Fe þ Mn)] isopleths are superimposed on the pseudosection (Fig. 7a) . The X Grs value remains almost constant in a rather large area between 650 C and 750 C (green-shaded, Fig. 7a ). The garnet core composition (Mg# ¼ 0Á21, X Grs ¼ 1Á5%; Supplementary Data Fig. S1a ) indicates a P-T condition of $0Á5 GPa, 745 C in the supersolidus region (point '1' in Fig. 7a) . Given that the core Mg# has been smoothed by diffusion, the original lower-Mg# core should have nucleated at lower temperatures.
Several intersections of Mg# and X Grs isopleths can be located in the pseudosection ('1' for the garnet core, '2' for the Ca peak, and nearly indistinguishable '3' for the Mg# peak in Fig. 7a ). This path is highly unlikely, however, because the pseudosection predicts only limited garnet growth from point '1' to '3' with reference to the pre-existing garnet core. An increase in garnet mode from 16 vol. % to 19 vol. % corresponds to growth by only 6% in radius, which cannot account for the width of high-Ca and high-Mg zones ( Fig. 4e ; Supplementary Data S1a).
We note that the intersection of the plagioclase-out and cordierite-in boundaries is a saddle point of X Grs contours (black circle in Fig. 7a) . If the prograde P-T path passes through the saddle point, X Grs increases first and then decreases, whereas Mg# increases toward higher temperatures (the yellow arrow in Fig. 7a ). The Ca peak is closer to the garnet center than the Mg peak that usually indicates the peak temperature, so we speculate that the P-T trajectory extends to the hightemperature side of the saddle point. Nevertheless, the predicted garnet Mg# on the high-temperature side of the Ca saddle point is higher than the highest Mg# of the garnet profile. The recent diffusion coefficient calibration of Chu & Ague (2015) predicts that Mg and Fe diffuse faster than Ca by half-to-one order of magnitude, so the Mg# profile is more heavily modified by intracrystalline diffusion. The decoupled behaviors of Mg/Fe and Ca highlight the importance of forward modeling (see below).
Forward simulation
The P-T-t path found to be most compatible with the observed mineralogy and chemical zonation in garnet is presented in Fig. 8 to illustrate the evolution of garnet profiles. The simulation starts at 0Á4 GPa, 650 C with flat compositional profiles. The rock is heated to 940 C at 0Á63 GPa, and then cooled to 670 C at 0Á45 GPa (Fig. 8a) . The P-T path is not evenly spaced in time; the prograde path to 825 C takes 3 Myr (1 ! 3; Fig. 8b) , and then the rock is kept at 825 C for 6 Myr (3 ! 4). The prolonged granulite-facies stage is followed by a brief thermal pulse. The thermal spike reaches 940 C and lasts only 150 kyr (75 kyr each for heating 4 ! 5 and cooling 5!6). The P-T-t evolution is concluded with a relatively fast cooling and exhumation path to 670 C where the simulation stops (<1 Myr; Fig. 8b ).
The successive profiles are provided in Fig. 8c -h. The initial flat profiles are modified at the rim by garnet growth and diffusion. As temperature and pressure increase, the equilibrium Mg# and X grs increase in garnet. Mn diffuses the fastest and forms a smooth profile decreasing toward the rim (1 ! 2; Fig. 8c-e) . When the P-T path passes the Ca saddle (point 2 in Fig. 8a) , the boundary value of X Grs decreases (2 ! 3). During the extended period of granulite-facies conditions (3 ! 4), the pre-existing profiles are smoothed, the Mg# and X Grs of the garnet center are elevated, and the X Sps value drops significantly. Thus, the simulation results are not sensitive to the specific shape of the initial garnet profiles.
During the transient thermal peak, the garnet continues growing. At 940 C, the thickness of the growth zone is about one-third of the initial garnet radius (at the starting P-T point), but it should be noted that the garnet mode is more than doubled. The rapid growth and temperature increase lead to a significant inflection on the Mg# profile ('5' in Fig. 8c ). The garnet reaches its largest radius at the peak T and is resorbed during the retrograde cooling. The Mg# profile deflects downward and the X Grs boundary value increases first and then decreases when plagioclase reappears in the assemblage. A large proportion of the growth increments of the thermal peak are resorbed (Fig. 8f-h) .
The modeled chemical zonation along this P-T path does not fit the measured profiles perfectly but captures the important characteristics (Fig. 8i-k) . The simulation reproduces the Mg# peak indicative of the thermal pulse (Fig. 8i) ; the Mg# inflection point is a little further from the center than the observed profile. The X Grs profile matches the Ca peak near the rim. The Ca enrichment at the center is probably a relict feature of the early stage garnet nucleation and growth, which we do not attempt to model. The modeled Mn content of the core matches the observed values well.
Two snapshots of the overall phase relations at specific P-T points along the path are presented in Fig. 7b . The fractionation by garnet modifies the bulk composition. In particular, a large proportion of Fe and Mn is sequestered in the garnet interior (bulk compositions listed in Supplementary Data Table S8 ). Near the thermal peak, the garnet Mg# reaches 0Á33, and X Grs is lower than 0Á01 (Fig. 7b, upper-right panel) . The cordierite-bearing mineral assemblage agrees with observations; decomposing biotite is present in the peak assemblage as a metastable phase (Fig. 3c) . The topology of the corresponding phase relations of the last step (Fig. 7b, lower-left panel) is very different from the pseudosection using the initial bulk composition (Fig. 7a) . The P-T point lies near but outside the garnet-bearing zones, suggesting that the garnet is being resorbed.
Uniqueness of the fitted Type A P-T-t path and uncertainties
It is critical to estimate the uncertainties and test the uniqueness of the results in this multidimensional fitting problem. The diffusion model used in this study typically yields a standard deviation of 60Á3 order of magnitude (Chu & Ague, 2015) . Nonetheless, uncertainties are also propagated from the forward simulation, thermodynamic models and dataset, and fitting to the measured profiles. Thus, simulation runs with a wide spectrum of P-T-t paths were launched to assess how sensitively the modeling results respond to the changes in P-T-t history (Fig. 9) .
Forward modeling results are compatible with the observed mineral assemblages and garnet chemical (a) P-T pseudosection calculated for the unmodified bulk-rock composition of JANH1A. The colored areas and black circle present the P-T path inferred from the garnet isopleths. (b) P-T pseudosections calculated for JANH1A, with garnet core components removed stepwise along the P-T path in the garnet growth-diffusion modeling. The P-T conditions at which the bulk compositions are retrieved from the forward simulation are marked with gray crosses. The bulk compositions of the two panels are listed in Supplementary Data Table S8 . (c) P-T pseudosection for Sample JANH3A. The inset pseudosection is calculated with the garnet core removed from the bulk composition. (d) P-T pseudosection for Sample JANH11A. The low-Ca zone (Fig. 4n) records the peak temperature $800 C, which is consistent with the Mg# plateau in the core (Fig. 4m) . The garnet rim isopleths intersect at 0Á37 GPa, 635 C. The shaded zone denotes the result of the Zr-in-rutile thermometer (1r; Tomkins et al., 2007) applied to the rutile xenocrysts in the graphite-pegmatite vein.
zonation only if the model P-T path is counterclockwise, providing a very strong positive test of the overall robustness of the simulations (Fig. 9) . For example, let us consider the case in which the model retrograde metamorphism was not along a counterclockwise path but instead took a similar path to the prograde in the down-T, down-P direction (Fig. 9g) . This alternative retrograde path (Fig. 9g) lies within the cordierite-bearing region and crosses the biotite-in boundary only at <750 C. The presence of biotite and metastable cordierite in the retrograde assemblage demonstrates the necessity of a counterclockwise path. More strongly clockwise paths produce assemblages and garnet compositional zoning that are incompatible with observations. The dependence of the modeling results on the duration of each segment of the P-T path is tested next. Diffusion coefficients increase exponentially as temperature increases, so the garnet profiles are more sensitive to peak modifications (e.g. Faryad & Chakraborty, 2005) . The garnet has been subjected to a high temperature for a long period of granulite-facies conditions, so the varying durations of the earlier prograde stages cause only minor differences (Fig. 9a) . The garnet Mg# profile is smoothed at the temperature plateau at 820 C. A longer timescale for this stage leads to significant discrepancies between observed and modeled Mg# profiles (Fig. 9b) ; the duration could be slightly shorter if the true low-Mg# center was not sectioned (Fig. 9b) . The brief thermal spike must be $0Á15 Myr; longer durations cause over-relaxation of the model Mg# and Ca profiles, and shorter ones are not enough to elevate the Mg# or lower the Ca near the rim (Fig. 9c) . The cooling path controls the retrograde resorption at the rim; a longer cooling period corresponds to a wider Mn upturn at the rim (Fig. 9d) . We note that the resorption at the rim is not well reproduced for this sample (see below), so a longer cooling period cannot be excluded by this test.
The P-T path exerts control on the garnet mode (width of the shells), the boundary values, and thus the general shapes of the garnet profiles. If, for example, the thermal spike reaches only 900 C, the model predicts lower boundary Mg# and higher X Grs values (Fig. 9e) . The lower peak temperature cannot be compensated for by a longer timescale of the thermal spike. If there were no thermal spike, or if the thermal spike occurred in the middle of the prolonged temperature plateau, the final result would be significantly different from the observed (Fig. 9f) . The evolution of garnet profiles in the no-spike case is presented in Supplementary  Data Fig. S4 for comparison. Although the final results appear similar owing to a common retrograde history, the garnet profiles of the two cases (with and without thermal spike) at discrete steps differ considerably. In the spike case, the high Mg# boundary conditions (>0Á3) at >900 C elevate garnet Mg# inside the garnet rim, so a high-Mg peak ($0Á25) is largely preserved after resorption. In the no-spike case, the high-Mg rim ($0Á25) of peak-T is resorbed, and the final Mg# result deviates from the observed profile.
In summary, the sensitivity tests for JANH1A suggest that (1) the rock remained hot (>800 C) for about 6 Myr, (2) the peak temperature transiently exceeded 900 C, reaching UHT conditions, and (3) the thermal spike had to be highly transient and short-lived (of the order of 0Á1 Myr). Otherwise, the discrepancy between the modeling results and the measured profiles would be visually obvious. We note that the necessity for the pulse is independent of the diffusion coefficient calibration used; in fact, other calibrations (e.g. Chakraborty & Ganguly, 1992; Faryad & Chakraborty, 2005; Carlson, 2006) give even shorter timescale results. Moreover, we were not able to fit the chemical profiles of Mg# and Ca simultaneously using these models.
Remarks on discrepancies
The largest discrepancies between the modeled profiles and the observed ones occur at the garnet rims that are modified at the last stage of P-T evolution. The simulation overestimates the degree of resorption, so that the garnet rim with Mg downturn (see profile '7' in Fig. 8f ) does not appear in the final result (yellow bands in Fig. 8i ). On the other hand, the predicted Mn upturn is seen on the modeling result and Profile 2 (starting from a garnet-biotite contact; Fig. 4g and Supplementary Data Fig. S1b ), but the missing counterpart in the target profile suggests that the resorption should have gone deeper.
During cooling, the shrinking equilibrium volume leads to local retrograde modification as noted in previous petrological studies (e.g. Tracy et al., 1976; Stü we, 1997; O'Brien, 1999) . The heterogeneously resorbed rim (Fig. 4e-g ) reflects failure of reaching equilibrium with the overall matrix.
To make the simulation practical, we assume that (1) the garnet grows and is resorbed in a radially symmetrical manner, and (2) the garnet grain boundary is always in global equilibrium with the matrix assemblage. Both assumptions are violated to varying degrees at the resorbed rim. First, the real garnet rim is irregular and poikiloblastic (corresponding highlighted zone in Fig. 4a and the yellow bands in Fig. 9 ), so diffusion takes place in three dimensions. The radial length scale, not parallel to the principal direction of diffusion (e.g. the thickness of the green margin in Fig. 4e) , could be exaggerated depending on the geometric configuration (Fig. 4e) . Second, the target profile (profile 1 in Fig. 4e-g ) is measured from the grain boundary that is rimed by sillimanite and is thus protected from the matrix exchange. The sillimanite 'armoring' might hinder garnet-matrix exchange to some extent. For example, the garnet in contact with biotite is veneered by low-Mg rims (green rims in Fig. 4e ) and more pronounced Mn upturn ( Fig. 4g ; also see profile 2 in Supplementary Data Fig.  S1b ), which are absent in contact with sillimanite. The rim resorption and diffusional modification might account for lower Mg# recorded along profile 2 than profile 1 (Fig. 4e; Supplementary Data Fig. S1b ). We could, in theory, arbitrarily decrease the resorption factor or manipulate the boundary values at the last stage of retrogression to account for this effect, but this introduces another degree of freedom of modeling and is difficult to test. In addition, the predicted Mn upturn should be placed on the rim-side of the 'non-spherical' zone (left side of the yellow bands in Fig. 9 ), which is still not practical to model. It is extremely important to note, however, that the discussion above applies to only the last-stage P-T evolution involving the discrepancies at the resorption front. The modeling assumptions remain the same along the entire P-T-t trajectory and probably approach the real processes of garnet growth and resorption at high temperatures. The reproduced Ca and Mg peaks must have developed at the high-T stages, which are critical to the thermal pulse, and are immune to the resorption modification.
Sample type B Pseudosection analysis
The two pseudosections for Type B samples are similar ( Fig. 7c and d) , and resemble the phase relations of an average metapelitic composition (e.g. White et al., 2007) . The Mg# isopleths of garnet are generally temperature-sensitive in the supersolidus region. The garnet X Grs isopleths intersect the Mg# isopleths in the ksp þ pl þ sil zone, and are subparallel to the Mg# isopleths in the plagioclase-free zones (Fig. 7c and d) . The mostly flat Mg# profiles (Supplementary Data Fig.  S1c1 and d1) suggest that the garnet cores were homogenized at or near the peak temperature, and thus can be used as a good thermometer. The highest Mg# ($0Á175) of the JANH3E garnet corresponds to the Ca peak ($2Á5%; Supplementary Data Fig. S1c) ; these two isopleths intersect at 745 C, 0Á62 GPa (Fig. 7c) . The P-T estimate is essentially unchanged in the garnet-coreremoved pseudosection (inset in Fig. 7c) , in which the intersection also agrees with the lowest Mn content of the garnet and is close to the garnet-in boundary. The garnet isopleths intersect in the cordierite-free zones in both pseudosections, in contrast to the presence of cordierite pseudomorphs in the assemblage. The discrepancy suggests diffusional modification on the garnet prograde zonation. We also note that site 3 was mapped in a broad cordierite-free zone ( Fig. 2 ; Chamberlain & Rumble, 1988) , so the cordierite-zone condition was probably reached in a brief and localized thermal pulse (see below).
For sample JANH11A, the edge of the flat Mg# core (0Á20) is spatially correlated with the Ca trough (2Á4%; Supplementary Data Fig. S1d ). The Mg# and X Grs isopleths consistently indicate a peak temperature of 790 C in a plagioclase-free assemblage (Fig. 7d ). Because no cordierite or pseudomorph is present in this sample, the pressure is higher than 0Á55 GPa, above the crd ! sil transition. The rim isopleths intersect at 630 C, 0Á37 GPa. The Zr contents of rutile xenocrysts from a nearby quartz vein (JANH11D) are consistent with this, yielding a temperature estimate of 637 6 37 C ( Fig. 7d ; Supplementary Data Table S6 ; Zr-in-rutile thermometer of Tomkins et al., 2007 ; data processed as done by Ague & Eckert, 2012) .
Forward simulation
For JANH3E, a representative simulation starts at 700 C, 0Á4 GPa in the cordierite zone (Fig. 10a) . The initial increase in pressure and temperature leads to a slight decrease in Ca content. The rock remains hot at 745 C for 5 Myr. A high-Ca growth zone develops during a small thermal spike to 770 C. This thermal peak lies in the cordierite-bearing P-T field, consistent with the cordierite pseudomorphs in the rock. The final results reproduce the general features of the observed profiles (Fig. 10c-e) .
A P-T-t path for JANH11A is presented in Fig. 10f and g, which starts at 650 C, 0Á4 GPa and is counterclockwise. The heating path to 786 C, 0Á56 GPa takes 5000 kyr, followed by a long period (8Á4 Myr) of granulite-facies conditions at $790 C, where the intracrystalline diffusion equalized the Mg# profile at the peak condition. The modeling result indicates that the Ca trough is not a set of growth increments but reflects diffusion at a lower boundary value ($2Á1 mol %) (Fig. 10i) . The thermal spike in JANH1A is missing in the fitted P-T-t trajectory of JANH11A. During the cooling stage, the Ca boundary value first increases, and then decreases when plagioclase becomes stable in the assemblage. The entire P-T path lies outside cordieritebearing zones, which is consistent with the petrographic observations. Along this P-T-t path, the Mg# and Ca profiles fit very well; small discrepancies are seen in the Mn profile but overall the fit is also reasonably good (Fig. 10h-j) .
Type B uniqueness tests and remarks on uncertainties
We assess the dependence of garnet profiles on the P-T-t trajectories, especially the features critical to the tectonic implications, following the approach described above for Type A garnet. One notable result is that the model P-T paths for both Type B samples (3E and 11A) are also counterclockwise (Fig. 10) , consistent with the metamorphic evolution of the CMT observed in previous studies.
Our simulation captures only a first-order approximation to the P-T-t history that produced the observed garnet profiles. Thus, as diffusion modification is a cumulative effect, the fine details of the P-T-t paths cannot be traced (e.g. the wiggling curve in Fig. 11e) . Nonetheless, if either sample underwent a large thermal excursion similar to the Type A garnet, the simulated profiles would significantly deviate from the observed ones and this would be readily identifiable (Fig. 11) . For example, a transient temperature increase by 30 C in Sample 11A would be enough to produce observable differences in the Mg# and Ca profiles, but these are not evident.
For sample 3E, the most noticeable feature of the P-T-t path is a small thermal excursion that lasts $1 Myr (Fig. 10a) . This brief heating further homogenizes the Mg# profile (Fig. 10c) after several million years of upper amphibolite-facies conditions (745 C), and is responsible for the growth zone (annulus) defined by X Grs upturns (Fig. 10d) . Without the thermal excursion, the X Grs upturns would be narrow and minor (Fig. 11c , light blue dash-dot curve). A shorter thermal pulse (e.g. 0Á1 Myr, Fig. 11a ) leads to larger upturns, but they are still too narrow (Fig. 11c , dark blue dashed curve). Garnet Mg# and X Grs are primarily dependent on the P-T conditions, so a thermal pulse of higher temperature (795 C; Fig. 11a ) produces peak features on the model garnet profiles that are highly inconsistent with the measurements (e.g. high Mg#; Fig. 11b , red dotted curve). In sum, the uniqueness tests suggest that a modest thermal pulse of $25 C lasting $1 Myr is necessary to model the observed profiles.
The observed profile samples the anomalously thick low-Ca margins that are not continuous around the garnet crystal (Fig. 4j) . In addition, the thickness of the Ca peak is slightly underestimated (narrower with a short thermal excursion), although the Ca contents match the profile well. This discrepancy in the composition-radius relationship could be due to an off-center sectioning effect.
Remarks on prograde history
The presence of leucosome indicates that the rocks underwent partial melting. Melts most probably left the system during prograde anatexis and compression. The P-T paths lie above 0Á4 GPa, at which pressure the wet solidus and muscovite decomposition reaction intersect, so decomposition of muscovite enhances partial melting (White et al., 2007) . The bulk compositions exhibited by the rocks have already had melt partially extracted, so pseudosections better reflect the stable assemblage at or near the metamorphic peak that is the objective of this study.
For this group of samples, as well as Type A, the growth of garnet reflects the increase in metamorphic grade (Fig. 12) , because the dehydration/partial melting reactions producing garnet are largely temperaturesensitive at medium pressures (Wei et al., 2004; White et al., 2007) . In Sample 1A, garnet growth took place at the rim at high-temperature stages, so did diffusional modification because the core had been largely smoothed by the prolonged $800 C stage. In most other terranes, garnet prograde growth zoning is not preserved in garnet reaching granulite facies; the dominant garnet zoning character changes from growth zoning to diffusion zoning as temperature increases (Tracy et al., 1976; Yardley, 1977) . In contrast, slow-diffusing species such as phosphorus do show growth zoning spatially correlated with the Mg and Ca peaks that are interpreted to reflect the metamorphic peak and/or thermal excursion (Fig. 4h, l and p). The early prograde history, from the petrogenetic relationships and garnet profiles, is not as well preserved and is beyond the scope of this study.
Sample type C
Both Type C samples have bulk compositions rich in Si and poorer in Al and mafic elements (Supplementary Data Table S8 ). The Type C garnets are characterized by featureless flat profiles and irregular crystal shapes, so forward modeling is not performed. The garnet isopleths indicate consistent peak P-T conditions of $800
C, 0Á5-0Á55 GPa in the cordierite-bearing part of the pseudosection (Fig. 13a and b) . For JANH24A, the high Ca contents of the core and rim correspond to a slightly lower temperature of 765 C (Fig. 13a) .
Sample type D
Type D samples underwent extensive retrogression with the garnets heavily resorbed, so forward modeling is not attempted. Rare small garnets are identified in Sample JANH2A. The garnet growth zoning has been completely erased by diffusion and resorption, and garnet isopleth intersections cannot be located. The garnet-in boundary suggests a retrograde temperature of about 660 C (Fig. 13c) . The larger garnet in JANH15B preserves a relatively intact core (Fig. 5m-p) , which provides constraints on both peak and retrograde conditions. The Ca, Mn and Mg# isopleths of the core indicate a peak temperature of roughly 755-790 C (Fig. 13d) . The rim isopleths intersect at 660 C, 0Á53 GPa at the garnet-out boundary (Fig. 13d) .
IMPLICATIONS: THE P-T-T HISTORIES AND POTENTIAL HEAT SOURCES
The pseudosection analyses on most sample types indicate that the P-T conditions of the field area were 0Á5-0Á6 GPa, 770-820 C (summarized in Table 1 and Fig. 14) . The forward modeling results of Type A and Type B garnet suggest that the granulite-facies conditions lasted 5$8 Myr (Table 1 ). The range of durations might be an artifact owing to garnet sectioning, but regardless, the results demonstrate that the rocks were held at very high-T conditions for a considerable time. The garnet porphyroblasts in some retrograde samples (JANH15), although significantly resorbed, still preserve relatively intact cores, corresponding to a similarly hot peak condition (750-800 C). Sample JANH3E documents a lower temperature plateau at 735 C (Fig. 10b) , but similarly protracted granulite-facies conditions. Our estimates are consistent with the highest temperature derived from garnet-biotite thermometry by Chamberlain & Rumble ($790 C), but a broader region is hotter than the previously estimated muscovite-sillimanite zone conditions. Overall P-T-t paths were counterclockwise, consistent with previous field-based studies in the CMT (e.g. Thompson & Norton, 1968; Spear et al., 1984; Schumacher et al. 1989; Armstrong et al., 1992; Thomson, 2001; Pyle et al., 2005) .
The 5-8 Myr of granulite-facies metamorphism (750-820 C) recorded by most samples, and the syntectonic Early Devonian plutonic series (e.g. Lyons & Livingston, 1977) , suggest a hot region at mid-to lower crustal depths ($20 km) on a large scale. The Kinsman plutons, for example, were emplaced at temperatures of $850 C (Plank, 1987) . Chamberlain & Sonder (1990) pointed out . The high heat production, owing to the enrichment of heatproducing elements (i.e. U, Th, and K), might have elevated the geothermal gradient by $100 C (Chamberlain & Sonder, 1990) . The crustal temperature depends critically on the vertical variation of the heat production and the total duration of heating. Granulite-facies, and even UHT conditions, are attainable with the median CMT heat production value 3Á5 lW m -3 (Clark et al., 2011) , although it would probably take tens of millions of years to reach the granulite facies (e.g. Lyubetskaya & Ague, 2010a , 2010b and $50 Myr to reach UHT conditions (e.g. Clark et al., 2011) via internal self-heating alone.
The best forward-modeling fits are obtained if the overall P-T paths are counterclockwise, consistent with previous studies in the region, but in contrast to the clockwise P-T paths predicted by internally heated, conduction-dominated overthickening models (e.g. England & Richardson, 1977; England & Thompson, 1984) . The abundant Devonian granitoid plutons are the most obvious external heat input in central New Hampshire (Fig. 1) . Farther north in Maine where the magmas intruded cooler rocks at shallower depths, the subparallel isograds around pluton margins illustrate the role of magma emplacement in regional-contact metamorphism (e.g. Lux et al., 1986) . When magma generated at greater depths intrudes at shallow depth, the upper crust can be displaced downward to compensate for its ascent, tracing a counterclockwise P-T path (e.g. Harley, 1989; Bohlen, 1991; Collins & Vernon, 1991; Brown & Walker, 1993; Spear, 1993; Warren & Ellis, 1996) . The upward movement, growth, and lateral spreading of magma could have provided the heat as well as the load. Crustal shortening and thrusting are not essential components of the process, although they certainly could have occurred as well.
The Devonian magmatism in the CMT was ultimately a result of the accretion of Avalonia and Acadian continental amalgamation, but the heat responsible for plutonism remains an area of active investigation. Shearheating, for example, is a plausible heat source for a small proportion of magma that originated from thrust dé collement (Brown & Solar, 1999) . Intense mechanical heating in high-strain zones could cause catastrophic thermal runaway (John et al., 2009; Thielmann et al., 2015) , but field evidence is lacking in this terrane. For most of the New Hampshire Plutonic Series, the presence of mafic enclaves and lower crustal restite, the primitive geochemical characteristics, and the inferred great differentiation depth (>0Á6 GPa) suggest greater heat input than available from in situ heat sources (e.g. radiogenic heat) and an important role for mantle or lower crustal heat flux (Dorais, 2003; Dorais et al., 2009) . Contemporaneous mafic plutons are rare in central New Hampshire, but are present in the neighboring States of Maine and Vermont, and in the Merrimack belt of southeastern New Hampshire (Dorais, 2003 , and references therein).
Lithospheric delamination, upwelling of decompressed asthenosphere, and basaltic underplating are proposed to account for the anatexis in the lower crust of the CMT (e.g. Pyle et al., 2005; Dorais et al., 2009) . Two layers of S-wave anisotropic upper mantle are documented beneath the New England Appalachians, the upper one of which has been interpreted as a fossil extensional zone where hot asthenosphere replaced the bottom of the lithosphere (Levin et al., 2000) . After the tectonic regime had switched from extensional to contractional, potentially caused by back-arc closure in an accretionary orogen, thickening was focused in the thinned and thermally softened section (Collins, 2002) . Contraction isolates basal heat sources, and cools the crustal rocks. The cooling rocks that are compressed (or C at the center of the hot plume. The model is for water, but magma flow would be qualitatively similar.
exhume from depth) record counterclockwise (or clockwise) hairpin P-T-t paths (Brown, 2006) . In addition, the model proposed by Stü we & Powell (1989) for the granulite-facies terrane of Bunger Hills, East Antarctica attributes the post-peak compression to 'gravitational backflow' in a thinned crust in response to basal thermal perturbation. The tectonic and gravitational processes could act in parallel with magmatic loading to produce the observed counterclockwise P-T path, but magmatic loading is probably the dominant mechanism for terranes densely intruded by plutons.
In the central part of the field area, a brief ($0Á15 Myr) thermal pulse transiently reaching UHT conditions at >900 C was superimposed on the region near the end of the granulite-facies stage. Considering the relationship L ¼ (jt) 1/2 , the timescale (t) of 0Á15 Myr corresponds to a conductive length (L) of about 1Á5 km, fully consistent with the radius of the thermal spike that is centered near JANH1A ( Fig. 14; thermal diffusivity j $ 0Á5 Â 10 -6 m s -1
; Nabelek et al., 2010) . The brief pulse contrasts with long-lived UHT events (>10 Myr; see reviews by Kelsey & Hand, 2015; Harley, 2016) , suggesting uncommonly transient heat sources. A less pronounced but somewhat longer ($1Á5 Myr; Fig. 10b ) thermal spike is recorded by the cordierite-bearing Sample JANH3E ( Fig. 2 ; 2 km from JANH1A), distal to the center of the hot spot. Both thermal spikes took place at the end of the prolonged granulite stage. The smaller thermal spike (or spikes) could be associated with a localized pulse that may or may not be influenced by the major pulse of heat advection.
The transient nature of the spike contradicts the conductive model with internal heating, and requires a dominant component of advective heat transfer in the crust (Thompson & Connolly, 1992; Ague, 2014) . Fluiddriven thermal anomalies are limited to very high flux zones over short timescales (e.g. Brady, 1988; Chamberlain & Rumble, 1989; Ferry, 1992; Connolly, 1997; Lyubetskaya & Ague, 2009 , 2010b Aranovich et al., 2010; Ague, 2014; Tian et al., 2018) . Thompson & Connolly (1992) suggested that the substantial fluid flux with significant radial focusing is probably due to magmatic boiling, and requires sequential multiple rapid injections of magma bodies. Vertical channelization and lateral focusing could be possibly facilitated by compaction-driven fluid flow in the viscous regime (Connolly, 1997; Connolly & Podladchikov, 1998 Tian et al., 2018) . In particular, recent 2-D and 3-D simulations suggest that fluid conduits that develop in such regimes have the potential to cause plume-like advective thermal pulses >100 C with characteristic widths of kilometers (Tian et al., 2018) , consistent with the steep field gradient documented by the garnet profiles (Fig. 14) . Although the Tian et al. (2018) model is for aqueous fluid flow, magmatic flow would be qualitatively similar. A higher viscosity of the magma would lead to a longer timescale of the thermal pulse. In sum, the >900 C thermal spike suggests that channelized magma, with potential contributions from hydrothermal fluids evolved from the magma, would be the most likely cause of the transient heat source for the thermal spike and the resulting localized UHT zone.
We note that retrogression is extensive in the hot spot terrane, and the most intact samples, capable of recording the granulite-facies conditions and the thermal peak, are preserved on scales of meters. In particular, the garnets in Type D samples are intensively resorbed (Fig. 5i-p) . Unlike the pulse of the thermal spike, the broad diffusion and resorption margins (Fig. 5i-p) suggest that the low-temperature (amphibolite-facies) retrogression was prolonged. The apparent field gradient and isograds (Chamberlain & Lyons, 1983) might display a combined effect of both prograde and retrograde metamorphic events scattered in the area.
CONCLUSIONS
The results of pseudosection analyses and garnet forward modeling present a general P-T picture of the metamorphic 'hot spot' region of Bristol, New Hampshire. The general P-T evolution was characterized by counterclockwise paths, consistent with previous studies in the CMT. The granulite-facies P-T conditions were 0Á5-0Á6 GPa, 750-820 C, and lasted 5$8 Myr. A short-lived thermal spike (>100 C, $0Á15 Myr) reaching UHT conditions occurred at the end of the granulite-facies stage. The radius of the hot spot is $2 km, consistent with the transiency of the thermal spike. Pseudosection modeling, considering only The end of forward simulation.
P-T information derived from isopleths, might not be able resolve the P-T path recorded by intensively modified garnet profiles at high temperatures. In this study, the thermal spike is revealed by a forward simulation that considers garnet growth and diffusion in a consistent manner. The Acadian metamorphic rocks were strongly metasomatically altered by subsequent fluid activity, presumably during the Neoacadian Orogeny (Sullivan, 2014) . The thermal pulse and the retrograde metamorphism together produced the steep apparent field gradient that distinguishes the metamorphic hot spot.
The complicated metamorphic history reveals heat sources and transfer mechanisms operating on different timescales. The thermal spike and the counterclockwise P-T path do not fit the classic model of overthickened crust (e.g. England & Thompson, 1984) . We hypothesize that external basal heat fluxes contributed to the overall uncommonly hot crustal section, with magmatic loading being responsible for the counterclockwise path. Exhumation-related unloading may have been countered by magmatic loading, yielding relatively modest changes in pressure during the longlived granulite-facies stage. The transient advective heat transported by channelized magma or magma exsolving fluids toward the end of the granulite-facies stage probably produced the brief UHT thermal pulse locally superimposed on the granulite terrane.
